IMPACT OF SPHERICAL FRIT BEADS ON SIMULATED DWPF SLURRIES (U)
M
EXECUTIVE SUMMARY
It has been shown that the rheological properties of simulated Defense Waste Processing Facility (DWPF) melter feed with the glass former frit as mostly (90 weight percent) solid spherical particles (referred to as beads) were improved as the feed was less viscous as compared to DWPF melter feed that contained the normal irregular shaped frit particles. 1 Because the physical design of the DWPF Slurry Mix Evaporator (SME), Melter Feed Tank (MFT), and melter feed loop are fixed, the impact of changing the rheology might be very beneficial. Most importantly, higher weight percent total solids feed might be processed by reducing the rheological properties (specifically yield stress) of the feed. Additionally, if there are processing problems, such as air entrainment or pumping, these problems might be alleviated by reducing the rheological properties, while maintaining targeted throughputs. Rheology modifiers are chemical, physical, or a combination of the two and can either thin or thicken the rheology of the targeted slurry. The beads are classified as a physical rheological modifier in this case.
Even though the improved rheological properties of the feed in the above mentioned DWPF tanks could be quite beneficial, it is the possibility of increased melt rate that is the main driver for the use of beaded glass formers. By improving the rheological properties of the feed, the weight percent solids of the feed could be increased. This higher weight percent solids (less water) feed could be processed faster by the melter as less energy would be required to evaporate the water, and more would be available for the actual melting of the waste and the frit. In addition, the use of beads to thin the feed could possibly allow for the use of a lower targeted acid stoichiometry in the feed preparation process (if in fact acid stoichiometry is being driven by feed rheology as opposed to feed chemistry). Previous work by the Savannah River National Laboratory (SRNL) with the lab-scale Slurry-Fed Melt Rate Furnace (SMRF) showed that melt rate was increased with feeds with either higher weight percent solids or lower acid stoichiometry. 2 Past SRNL pilot scale melter tests have also shown the same increase in melt rate with higher weight percent solids. 3 Although the use of beads may increase melt rate and also aid in the operation of the SME, MFT, and melter feed loop, there are several issues that must be addressed before going into a more in depth study of the use of beads at DWPF. The following issues were investigated and are documented in this report.
• The impact of glass former shape on settling behavior • Impact of glass former shape on the rheology of the feed product • Impact of glass former shape on erosion of equipment containing glass formers • Impact of glass former shape on slurry addition to the SME • Impact of glass former shape on melt rate
The tests did not show any problems with regards to the above process impacts investigated. Because the beads were shown to reduce the rheological properties of the SME product (or melter feed), a higher weight percent solids feed could be processed in the melter. From past pilot scale testing 3 as well as limited DWPF operational experience, this could increase the DWPF melt rate by about 2-5 percent for every weight percent solids increase allowed by the use of beads as the glass former. 
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INTRODUCTION
It has been shown that the rheological properties of simulated Defense Waste Processing Facility (DWPF) melter feed with the glass former frit as mostly (90 weight percent) solid spherical particles (referred to as beads) were improved as the feed was less viscous as compared to DWPF melter feed that contained the normal irregular shaped frit particles.
1 Figure 1 -1 shows typical DWPF frit particles (left picture) and the same material after being turned into beads (right picture -two particles not beaded are in picture). The melter feed is a non-Newtonian fluid whose behavior is evaluated using the Bingham Plastic model to determine the yield stress and consistency of the feed. The yield stress is the dominant parameter for controlling the behavior of the process in the shear rate typical of the DWPF process equipment. If the yield stress is too low, the glass former (currently glass frit) may settle and cause inhomogeneity in the feed. The upper limit is set by the capabilities of the DWPF processing equipment. During SB2, issues with highly viscous feed were noted which led to air entrainment during mixing and loss of pump prime during transfers. It was also suspected that this thick feed did not flow well on top of the DWPF Melter glass pool, thereby negatively impacting the rate the melter could melt the feed.
The yield stress is affected by many parameters, but lowering the solids content or increasing the amount of acid added during sludge pretreatment are the two adjustments currently utilized at DWPF to reduce the yield stress of highly viscous feeds.
Because the physical design of the DWPF Sludge Receipt Adjustment Tank (SRAT), Slurry Mix Evaporator (SME), Melter Feed Tank (MFT), and melter feed loop are fixed, the impact of changing the rheology might be very beneficial. Most importantly, higher weight percent total solids feed might be processed by reducing the rheological properties (namely yield stress) of the feed. Additionally, if there are processing problems, such as air entrainment or pumping, these problems might be alleviated by reducing the rheological properties, while maintaining targeted throughputs. Rheology modifiers are chemical, physical, or a combination of the two and can either thin or thicken the rheology of the targeted slurry. The beads are classified as a physical rheological modifier in this case.
Even though the improved rheological properties of the feed in the above mentioned DWPF tanks could be quite beneficial, it is the possibility of increased melt rate that is the main driver for the use of beaded glass formers. By improving the rheological properties of the feed, the weight percent solids of the feed could be increased. This higher weight percent solids (less water) feed could be processed faster by the melter as less energy would be required to evaporate the water, and more would be available for the actual melting of the waste and the frit. In addition, the use of beads to thin the feed could possibly allow for the use of a lower targeted acid stoichiometry in the feed preparation process (if in fact acid stoichiometry is being driven by feed rheology as opposed to feed chemistry). Previous work by the Savannah River National Laboratory (SRNL) with the lab-scale Slurry-Fed Melt Rate Furnace (SMRF) showed that melt rate was increased with feeds with either higher weight percent solids or lower acid stoichiometry. 2 In addition, past SRNL pilot scale melter tests have also shown the same increase in melt rate with higher weight percent solids. 3 Although the use of beads may increase melt rate and also aid in the operation of the SRAT, SME, MFT, and melter feed loop, there are several issues that must be addressed before going into a more in depth study of the use of beads at DWPF. The following issues were investigated and are documented in this report.
• The impact of glass former shape on settling behavior -The beads have the potential to settle faster than the frit in the DWPF process tanks. 4, 5 • The results of the settling behavior tests were used to select a bead size for the other issues investigated below.
• Impact of glass former shape on the rheology of the feed product -Sludge Receipt Adjustment Tank (SRAT) product Sludge Batch 3 (SB3) was mixed with the various sized glass beads or Frit 320 to determine the impact of beads on SME product rheology. In addition, SRAT/SME cycles were performed using beaded Frit 320 and standard Frit 320. Rheology measurements were performed on the products from both tests.
• Impact of glass former shape on erosion -Using beaded frit versus the irregularly shaped frit currently used could help reduce the erosion rates of agitators, impellers, and the piping systems now used in mixing or transporting slurries containing the glass former.
• Impact of glass former shape on frit slurry addition to the SME -Due to the potential for the beads to settle faster than frit, mixing studies were performed with water slurries at different weight percent solids of frit or beads to determine the agitator speeds required to maintain frit and bead suspension. The minimum transport velocities (velocity at which particles just begin to deposit) were also determined for each slurry.
• Impact of glass former shape on melt rate -Feed from the above mentioned SRAT/SME runs were tested in the dry-fed Melt Rate Furnace (MRF) to determine if beads had a impact on melt rate. More specifically, do beads negatively impact melt rate, thereby possibly negating gains that could be achieved by processing feed with a higher weight percent solids in the DWPF Melter via the use of beaded frit. Beaded Frit 320 and standard Frit 320 were tested. 
EXPERIMENTAL
Impact of Beads on Settling Behavior
Settling behavior tests were performed per three run plans. The first set of tests was performed per SRNL-ITS-2005-00165 (Run Plan for "Impact of Glass Former Shape on Settling Behavior" Tests).
Relative settling rates of as received Frit 320 (lot 320L22, Bin 5/KJ40355) and Potter Industry Inc. P series beads sized at -140 mesh (lot 2L3971-3), -100+140 mesh (lot 2L3971-2), and -70+100 mesh (lot 2L3971-1) were tested in both water and a Xanthan gum slurry that targeted a Bingham Plastic fluid having a yield stress of 2.5 Pascals (lower limit for the SME). As received Frit 320 has a mesh size of -80+200 mesh. 1000 ml of the Xanthan gum slurry was made by mixing 0.25 weight percent Xanthan gum powder (lot 2502799), 0.199 weight percent Kathon CG/ICP preservative (0004999303 stamped on container), and 99.551 weight percent water. The Xanthan gum slurry was stirred until it was homogeneous, then a sample was taken to check the yield stress. The analysis showed that the slurry had a yield stress of 2.2 Pascals. Samples of the various glass formers were taken and submitted for Particle Size Distribution (PSD) analyses which were run after these tests. The PSD results were deemed acceptable for all of the glass formers (see Figure 2 -1) . The water settling test was done to simulate conditions in the DWPF Frit Slurry Makeup Tank (FSMT). The same Xanthan gum slurry, as well as the same beads and Frit 320 were used for all of the tests in this report unless noted otherwise. To perform the water settling tests, four 100 ml graduated cylinders were filled with water and then each had five grams of one of the different sized beads or Frit 320 added to it. The addition of the glass formers was done by two people so that all of the glass formers tested could be added at the same time.
PSD's of Frit 320 and Beads
The first time this was done, the cylinders were not shaken. A repeat of this test was done by first adding the glass formers, and then covering and shaking the cylinders. Settling times for each glass former were then determined via a stop watch.
The same steps were used for the Xanthan gum slurry tests. As noted above, the cylinders were covered and shaken before timing began. Unlike the water tests that had settling times in minutes, the Xanthan gum slurry tests lasted about 24 hours. Both the water and Xanthan gum tests were videotaped. These tests were run on 7/12/05 and 7/13/05. The final settling tests were performed per SRNL-ITS-2005-0000181 (Run Plan for "Impact of Glass Former Shape/Size on Settling Behavior Confirmatory Settling Tests). In these tests, settling tests were made in 100 ml graduated cylinders using SB3 SRAT product (FPMR-0134A -made in March 2005) mixed with sieved Frit 320 (-100+140 mesh) or -100+140 mesh beads. The purpose of these tests was to determine the relative settling rates of the different shaped glass formers in a SME product. The glass formers were added in amounts to give a 100 ml slurry at 40% waste loading. Appendix A gives the data from the analysis of the SRAT product.
The SRAT product and glass formers were mixed thoroughly before pouring into the 100 ml graduated cylinders. Five ml pipet samples were taken at the 50 ml level in each cylinder 2, 4, 6, and 24 hours after pouring the slurries into the cylinders. Care was taken to prevent any slurry from getting into the pipet until the tip of the pipet was at the 50 ml level. These samples were submitted for weight percent solids analyses. These analyses were used to determine settling differences as visual settling determinations could not be done in the dark brown SME product.
Impact of Beads on Feed Rheology
Two separate tests were run to determine the impact of beads on SME (or melter feed) rheology. The first test was performed per SRNL-ITS-2005-00182 (Run Plan for Impact of Glass Former Shape on SME Product Rheology). In this test, 110 ml slurries of SB3 SRAT product FPMR-0134A (same SRAT product used in settling behavior tests discussed in Section 2.1) and either Frit 320 (as received) or glass beads (-140 mesh, -100+140 mesh, or -70+100 mesh) were made. 118.34 grams of the SRAT product was added and 32.48 grams of the glass former. The targeted waste loading and weight percent solids were 40% and 45% respectively. All four resultant SME products were submitted for rheograms.
The second evaluation of the impact of beads on SME product rheology test was done after completion of a SME cycle using the beads in place of frit. Two SRAT/SME cycles were run per SRNL-ITS-2005-00192. Details of the two SRAT/SME runs are given below. Additional details (including off-gas generation details) of the two SRAT/SME runs are included in Appendix B for information only. Both runs utilized the same starting sludge and acid addition amounts. The first run utilized Frit 320 as received from DWPF while the second run utilized Frit 320 that had been processed into spheres and then sized to -100+200 mesh. SB3 baseline sludge simulant was used for the testing. The Bead 320 was made by making Frit 320 into spheres using the Flame Former system at ACTL. The Frit 320 used was from DWPF lot number 320L22. There was some concern that the heat treatment may impact the chemical composition of the frit, so analyses of the Frit 320 and the beads were made. The results are given in Table 2 -1. No change in composition occurred as a result of the beading process. Two 4L SRAT/SME vessels were setup. The complete apparatus includes two condensers (40° C and 10° C), Mercury Water Wash Tank (MWWT), an antifoam funnel, air purge, pH probe, temperature controller, heating mantle, manometer, acid addition pumps, gas chromatograph, and a mixer. Once the apparatus was assembled and checked for leaks, sludge simulant was added to each vessel and trimmed as shown in Table 2 -2. Mercury was not added during the runs to avoid emissions during melt rate testing (the SME products were tested in the MRF as part of the Impact of Beads on Melt Rate testing as discussed in Sections 2.5 and 3.5 of this report). The vessels were then heated to 93° C, and the nitric and formic acid additions were performed with the MWWT's in reflux mode. IIT-747 antifoam was added to control foaming during the heatup and again after all acid additions were completed. The vessel contents were brought to a boil and condensate was collected in a bottle until the dewater target was reached. The MWWT's were then switched to reflux and the vessel contents were boiled for 12 hours. At the completion of the 12 hour reflux, two 30 ml samples were pulled from each vessel after the vessels had cooled. Frit or beads, water, and formic acid were then added to the vessel and the vessel contents were reheated to boiling. The frit and beads were added to target a waste loading of 35%. After dewatering an amount equal to the water and formic acid additions, the vessels were allowed to cool. A second frit or bead addition and dewater was performed, followed by a third addition. After the third frit (or bead) addition, the vessels were dewatered until the run with beads began to experience mixing difficulties. Samples were then pulled of each SME product.
The sludge simulant used during the testing was designated FPMR-0136. The composition of this simulant prior to trim chemical addition is shown in Table 2 -3. Analysis of the trimmed sludge was not performed as the trim additions are minor components and do not significantly impact overall composition. This sludge composition is the baseline SB3 sludge simulant. The two SRAT product samples were analyzed and results are shown in Table 2 -4. The results indicate that both SRAT products have the same composition to within 5% for significant components. The two SME product samples were analyzed and results are shown in Table 2 -5. The elemental weight percents given in Tables 2-3 , 2-4, and 2-5 are all given on a calcined solids basis. The results indicate that both SME products have the same composition to within 5% for significant components. The waste loading calculated from the lithium content was within 6% of the target (35%) and was the same for both batches of SME product. 
Impact of Beads on Erosion
The erosion impact test was performed per run plan SRNL-ITS-2005-00204 (Run Plan for "Impact of Glass Beads on Agitator Erosion"). Three liter glass cylinder vessels were filled with 2 liter slurries (50 weight percent solids) of water and either Frit 320 or beads (-100+140 mesh). The steel agitator blades used in each vessel were cleaned, dried, and then weighed before the test was begun. Two glass baffles were placed in each vessel to increase the rate of erosion on the agitator blades. An agitator speed of 350 rpm was used for the entire test as this was about the slowest agitator speed that prevented settling of both glass formers tested. A tachometer was utilized to verify the agitator speed before the test was started and at the end of the test. The test was started on 8/25/05 and was run continuously for 14 days. At the completion of the test, the agitator blades were removed, cleaned, dried, and then reweighed to determine the weight loss and hence the amount of erosion caused by the beads or the Frit 320. Figure  2-4 shows the test setup. Before the test was started, the relative settling behavior for the frit and beads were also determined by lowering the agitator speed for each vessel until a layer of water was observed at the top of the glass former/water mixture. This was easy to do with the clear glass vessels used in this test. The results of this settling test will be discussed in Section 3.1 of the report (Settling Behavior). 
Impact of Beads on Slurry Addition to SME
The slurry addition to the SME impact tests were performed per run plan SRNL-ITS-2005-00212 (Run Plan for "Bead/Frit Mixing and Transport Tests"). A recirculation loop made of clear ¾" PVC piping was built with a total length of about 30 feet. The test rig had a plastic 10 gallon feed tank and a Jabsco pump. A 2" PVC bypass return loop to the feed tank was installed immediately after the pump with a ball valve to control flow in the main recirculation loop. A flow transmitter followed by both a pressure gauge and a digital pressure gauge were installed on the outlet side of the pump. A schematic of the bead pump test stand and a picture of the test stand (without the bypass line) are shown in Figures 2-5 and 2-6 respectively. Six gallon slurries of water and either -100+140 mesh beads or Frit 320 were tested. In the first test, 14 kg of water was first added to the feed tank, and then 14.0 kg of beads (to make a 50 weight percent solids slurry) was slowly added with the agitator running. A minimum agitator speed was then determined that prevented bead settling. After this, the pump was started with the bypass valve closed for maximum recirculation flow. Pump power, flow rate, outlet pressure, and observations of the flow in the horizontal upper section of the loop were noted. The recirculation flow was then gradually reduced and the above items recorded until settling was noted in the recirculation line. After this, the test was repeated by adding 3.11 kg of beads to make a 55 weight percent mixture. Finally, a 60 weight percent mixture was tested by adding another 3.89 kg of beads to the feed tank. This same process was planned for Frit 320, but only the initial 50 weight percent mixture could be tested before the nitrile pump impeller failed due to the erosive Frit 320 particles. 
Impact of Beads on Melt Rate
Feed from the two SRAT/SME runs described in Section 2.2 of this report was used to determine the impact of beads on melt rate. As discussed before, the two SME products were SB3 with either as received Frit 320 (-80+200 mesh) or Bead 320 (-100+200 mesh) at a targeted waste loading of 35%. The feeds were dried and then melted in the dry-fed MRF per SRNL-ITS-2005-00200 (Run Plan for Bead The dry-fed MRF has a cylindrical inner chamber that is approximately 0.5 cubic feet in size, with heating coils winding around the chamber walls. The diameter of the chamber is ~7", and an insulating sleeve and a 1200 ml stainless steel beaker (6" deep) were inserted from the top. The tests were conducted with the stainless steel beakers inserted with the sleeve so that the beaker bottom was approximately flush with the top of the uppermost chamber coil. An insulating block was used to cover the beaker. The furnace was heated to 1150°C with the top opening covered. Once the furnace reached the set point, the cover was removed and the beaker containing sufficient dried, sieved material to produce 525 grams of glass was inserted. After 50 minutes, the beaker was removed from the furnace and allowed to cool to room temperature.
This residence time in the furnace was determined during testing in 2002 to establish a standard test time for melt rate comparison for this dry-fed furnace. 6 After cooling down, the beakers are then sectioned. The relative melt rate is determined by measuring the height of the glass layer in the bottom of each sectioned beaker at 0.25" intervals. The average height and duration in the furnace is used to yield a relative linear melt rate number (inches/hour). General observations of the sectioned beaker are also used to describe differences between runs.
RESULTS AND DISCUSSION
Impact of Beads on Settling Behavior
As discussed in Section 2.1, a series of settling tests with Frit 320 and beads were performed. These tests were performed to address glass former settling concerns with frit slurry (water) or the SME/MFT contents (used either Xanthan gum slurry or SB3 SRAT product). The results of the test will be given in the order in which they were performed. Any PSD's of the glass formers tested are reported in Section 2.1.
Initial Settling Tests in Water and Xanthan Gum Slurry
The first settling tests were done with 100 ml graduated cylinders as the settling vessel. The fluid was 100 ml of water and the glass formers tested were 5 grams of as received Frit 320 or beads (-140 mesh, -100+140 mesh, or -70+100 mesh). In the first test, the glass formers were added to the 4 cylinders at the same time and relative settling times noted (non-shaken test). With the existing slurries, the four cylinders were then covered and shaken at the same time and settling observed. Table 3 -1 gives the settling times of these two tests. Settling tests were then performed with these same glass formers in a Xanthan gum slurry after the cylinders and contents were shaken. All of these tests were filmed. The results are summarized in Table 3 -2 with the level of material settling in the bottom of the graduated cylinder. 3  5  413  7  3  3  5  653  9  3  3  5  1013  10  3  3  5  1245 8 3 3 5 * Note: Numbers cited are the levels (ml) of material settled in the bottom of the graduated cylinders The settling tests in water indicated that the Frit 320 and -140 mesh beads settled in similar times. The -100+140 mesh beads settled about 3 times faster. The -70+100 beads (largest size tested) settled twice as fast as the -100+140 mesh beads and about six to nine times faster than the Frit 320 and -140 mesh beads. In addition, the slurries in the -100+140 and -70+100 mesh beads became clear very quickly. This was because these two sized beads did not contain the fines that were in the Frit 320 and -140 mesh beads.
The settling tests in the Xanthan gum slurry tests showed that the large -70+100 mesh beads settled fairly quickly in this thicker test slurry. The rest of the glass formers tested settled in similar fashion. The differences in level of material settled at the end the test is due in part to the different particle sizes that result in different amounts of packing of the glass formers. The Frit 320 tended to clump together and therefore may be the reason for the higher settling volume.
Second Set of Settling Tests
The second series of tests were performed exactly the same as the first series of tests per run plan SRNL-ITS-2005-0170. The main purpose of these tests was to better determine the impact of particle shape on settling behavior by comparing settling rates of similar sized frit and bead particles. Frit 320 sieved to -80+100 mesh and beads sieved to -70+100 mesh were tested in both water and the Xanthan gum slurry. After this Frit 320 sieved to -100+140 mesh and beads sieved to -100+140 mesh were tested in both slurries as well. The -100+140 mesh size was chosen to compare smaller sized glass former particles that may be beneficial for melt rate.
During the first non-shaken test in water, the settling times for the -80+100 mesh Frit 320 and -70+100 mesh beads were 21 and 14 seconds respectively (settling of fines in Frit 320 not considered). With the slurries then shaken, the settling times for the -80+100 mesh Frit 320 and -70+100 mesh beads were 18 and 12 seconds respectively. For the water tests, both tests showed that the two glass formers settled in similar order of magnitude times, but that the irregular shaped particles did settle somewhat slower. The results of the Xanthan gum slurry tests are shown in Table 3 -3. There was no difference in settling times in the thicker Xanthan gum slurry. For DWPF operations, the two times should be deemed similar in both water and the Xanthan gum slurry. The above tests were repeated with Frit 320 sieved to -100+140 mesh and -100+140 mesh beads. For the water tests, the Frit 320 settled in 40 seconds and the beads settled in 20 seconds for both the non-shaken and shaken tests. The smaller Frit 320 -100+140 mesh particles settled about twice as fast as the -80 +100 mesh particles. The results of the Xanthan gum slurry tests are given in Table 3 -4. The beads settled somewhat faster than the Frit 320 (layer >1 ml noted in 20 versus 40 minutes). It was difficult to see the layer in the Xanthan gum/Frit 320 mixture, and the layer may have been there earlier. For both the water and Xanthan tests with -100+140 mesh glass formers, the settling times were on the same order of magnitude with regards to DWPF operations. Settling behavior as noted in Section 3.4 (Slurry Addition to SME Impact) may be more important than these tests. In addition, the settling behavior noted during the Erosion Test (see Section 3.1.4) may be a better indicator of settling in the DWPF vessels as well. 
SRAT Product Settling Tests
The final planned settling test was run like the above tests in 100 ml graduated cylinders but the settling fluid was SB3 SRAT material. Frit 320 sieved to -100+140 mesh and -100+140 mesh beads were tested. The targeted waste loading was 40% and the weight percent solids of the SRAT product with the glass formers added was about 45%. The test was performed per run plan SRNL-ITS-2005-00181. Because the glass formers could not be seen in the dark colored SRAT product, samples of the slurries were taken with pipettes at the 50 ml level at various times. The samples were measured for percent solids to give an indication of settling over time. The results of this test are given in Table 3 -5. The data show that the settling of the beads may have been slightly more than the Frit 320 for the same sized particles. The results of the settling rate tests lead to a decision to use -100+140 mesh beads for most of the remaining tests. This was based on several findings. First, the -100+140 mesh beads settled at about the same rate as the larger -80+100 mesh Frit 320 (largest sized particles in as-received frit) in both the water and Xanthan gum tests. Secondly, the use of -100+140 mesh beads gives conservatism to the tests that followed (feed rheology, erosion, SME slurry addition, and melt rate) due to lack of fines in the beads tested.
Erosion Tests -Settling Observations
Before the erosion test was started, the relative settling behavior for the Frit 320 and beads (-100+140 mesh) were also determined by lowering the agitator speed for each vessel until a layer of water was observed at the top of the glass former/water mixture. At an agitator speed as low as 300 rpm, there was no sign of glass former settling. The first sign of a small layer of only water at the top the slurry in both vessels was observed at 250 rpm. At 200 rpm, there were water layers of 1 and 0.25 inches respectively in the bead and Frit 320 vessels. This may indicate that the beads required slightly more agitation than the Frit 320, but the settling behavior of both was very similar when in a stirred vessel with water.
Impact of Beads on Feed Rheology
The rheograms from the SB3 SRAT product (FPMR-134A) mixed with Frit 320 or various sized beads (-140 mesh, -100+140 mesh, or -70+100 mesh) to achieve 40% waste loading and 45 weight percent solids are given below in Figures 3-1 to 3-4 . These SME products were made per run plan SRNL-ITS-2005-00182. Table 3 -6 summarizes the yield stress (Pa) and consistency (cP) for each run. The values cited in Table 3 -6 are the average of the two runs for each SME product. Based on the relative short time to perform each rheogram (about 30 minutes) and the settling rates noted in Section 3.1.3 for beads and frit in SRAT product, neither the beads nor the Frit 320 should have settled during the running of these rheograms. There was a reduction in both yield stress (23-30 percent) and consistency (28-59 percent) when beads were used in the place of frit. However, yield stress was not significantly impacted by the bead particle size.
Bead Rheology Results
The second series of rheology tests were performed using SB3 SRAT/SME product from two different runs per run plan SRNL-ITS-2005-00192 (see Section 2.2 for feed preparation details). The first run utilized Frit 320 as received from DWPF while the second run utilized Frit 320 that had been processed into spheres and sized to -100+200 mesh. SB3 baseline sludge simulant was utilized during the testing. The measured waste loading for both SME product was about 37% and the measured weight percent solids was about 52%.
The SME product samples were analyzed for rheological properties at two solids contents. The first set of samples was performed without dilution from the SME product sample while the second set was diluted to 45% total solids. Numerical results are shown in Table 3 -7 while the individual flow curves are shown in Figures 3-5 and 3-6 . Each curve was fitted using the Bingham Plastic model. The up curves were not fitted for the 45% solids content samples due to the shape of the flow curve, but the values are included in Table 3 -7. The results indicate that the beads lowered the yield stress for the down curve for the 45 wt% samples by approximately 6% and the 52 wt% solids samples by 10 to 17%. 
Impact of Beads on Erosion
The two agitator blades were weighed before the erosion test began and after 14 days in the vessels with continuous agitation at 350 rpm in a 50 weight percent solids slurry of water and either Frit 320 or beads (-100+140 mesh). A summary of the weights are given in Table 3 -8. The results show a slight increase in erosion with the beads versus the Frit 320, although the overall weight loss for both agitators was fairly small. Figure 3-7 shows the two test agitators after the test. The shiny appearance of the Frit 320 test agitator relative to the bead test agitator indicates that the Frit 320 was more erosive, which does not agree with the percent weight losses. No explanation for these two contradicting findings was made.
Before the test it was expected that the Frit 320 would be more erosive than the beads (based on PSD information). Due to the erosion test results, samples were taken from both slurries to determine if the PSD's was changed for either the beads or frit during the test. A PSD analysis was run on the bead slurry, but the Frit 320 clumped together and there were concerns that the amount of force needed to break the clumps would break the particles. The beads had a similar PSD as to that measured before the test as previously shown in Figure 2 .1. More formal erosion tests (such as ASTM erosion tests) may be required, but this initial test at least indicates that beads should not cause a significant increase in erosion in the DWPF vessels, agitators, or piping. 
Impact of Beads on Slurry Addition to SME
A calibration check was performed before the run on the test rig flow melter (with water) by pumping water into a beaker and noting the amount actually pumped in a period of time. At indicated rates between 2.7 and 5.2 gpm, the indicated flow from the flow meter was within 2-4% lower than the actual flow.
Before starting the actual recirculation test with beads (-100+140 mesh), a minimum agitator rate was determined for the 50 weight percent solids mixture of water and beads. An agitator speed of 450 rpm was required and the torque on the agitator was 30 oz-in. A slight mound was under the three pipes (one suction and two return) in the feed tank that caused an area of low mixing in the tank. This mound grew larger with lower agitator speeds. With the bypass line valve fully closed, a flow of about 8 gpm was achieved. Lower flow rates were obtained by opening the bypass ball valve and adjusting to get the desired flow rate. This was done until settling was noted in the horizontal recirculation section of the clear ¾ inch PVC pipe. At each flow rate, the pump power, pump amps, line pressure (digital pressure meter reading), flow rate, and comments on settling in the clear pipe were noted. As discussed in Section 2.4, more beads were added to make a 55 weight percent solids mixture and the same steps were followed. Finally, beads were added to make a 60 weight percent solids mixture and the same steps repeated.
After testing the beads, the rig was drained and Frit 320 was tested in a 50 weight percent mixture. An agitator speed of 522 rpm (torque reading not working) was required to keep frit from mounding in the tank at the same location observed for the beads. Tests with Frit 320 at higher weight percent solids were not done as the nitrile pump impeller was worn too much by the abrasive frit particles. The highest flow rate possible was about 6.5 gpm with the bypass valve fully closed. This lower rate may have been due to some erosion of this impeller even as the test was just starting. Table 3 -9 summarizes the data/comments taken during these tests. One important positive observation made was that after stopping flow, flow for the beads mixture could be regained. This was tried for the Frit 320 mixture, but flow could not be restarted. Overall, the data shows that the line pressure increased as the solids were increased for the same flow rate. In addition, the line pressure was higher for Frit 320 than the beads at the same solids level and flow. With the observations, a determination of minimum velocity to prevent settling could be done, but a graph of the line pressures (see Figure 3 -8) versus velocity (not flow) for the various tests was deemed to more objective. The graph shows that the inflection point in pressure drop is about the same for the beads and Frit 320 (about 2.5 ft/sec). This inflection point can be used as it is caused by the beginning of the settling of glass formers that starts to decrease the effective pipe inner diameter, thereby resulting in increasing line pressure. Further decreases in flow result in additional settling and even further reductions in the effective pipe diameter. This indicates that the bead (-100+140 mesh) slurry would not require higher flows rates than frit slurry at DWPF during transfers. Another key finding was that the pump impeller was not significantly damaged by the bead slurry, while the Frit 320 slurry rapidly destroyed the impeller. Evidence of this was first observed when black particles were seen in the Frit 320 slurry being recirculated and then was confirmed by a post-test inspection of the impeller. Finally, as pointed out before, the pumping of bead slurry can be recovered even if flow is stopped. This was not tried with the Frit 320 slurry due to the damage to the nitrile pump impeller. 
Impact of Flow on
Impact of Beads on Melt Rate
The two beakers containing SB3/Frit 320 and SB3/Bead (-100+200) 320 feed were heated in the MRF at 1150ºC for 50 minutes. The beakers were removed and allowed to cool. The appearances of the beakers after the tests were significantly different. The Frit 320 material had higher bed expansion (see top right picture in Figure 3 -9) . The Bead 320 material had a ring of partially melted material above the molten glass (top left picture in Figure 3 -9) . Cross-sections of the two beakers are shown in the two bottom pictures of Figure 3 -9. The SB3/Bead 320 and SB3/Frit 320 had similar linear melt rates (LMR) of 0.45 and 0.47 inches/hour (basically the same melt rate). The differences in appearance, however, indicated that the beads may impact cold cap behavior. Therefore slurry-fed tests in the SMRF would have to be performed to better determine the impact of melt rate by beaded glass formers. 
CONCLUSIONS
The following conclusions are given as a result of the work discussed in this report. The conclusions are divided into the major process impacts examined.
Overall
• The testing did not show any problems with the use of beads with regards to process impacts investigated as listed below.
• Because the beads were shown to reduce the rheological properties of the SME product (or melter feed), a higher weight percent solids feed could be processed in the melter. From past pilot scale testing 3 as well as limited DWPF operational experience, this could increase the DWPF melt rate by about 2-5 percent for every weight percent solids increase allowed.
Settling Behavior
• For the water slurry settling tests, Frit 320 and -140 mesh beads had similar settling rates. The -100+140 settled about three times as fast and the largest beads tested (-70+100 mesh) settled about six times faster than Frit 320. If the Frit 320 was sieved to match the size of the beads, then the beads had similar settling rates.
• For the clear Xanthan gum slurry settling tests (used to mimic the rheology of the SME material), the -70+100 mesh beads settled relatively quickly even in this thicker slurry. The other sized beads (-100+140 and -70+100 mesh) settled at about the same rate as Frit 320. When similar sized Frit 320 and beads were tested, the settling rates were again similar.
• For the settling test in which beads and Frit 320 (both -100+140 mesh) were mixed with simulated SB3 SRAT product, the beads settled slightly faster than the Frit 320.
• During the determination of the required agitator speed for Frit 320 and -100+140 mesh beads, it was found that the required agitator speed was about the same for the two different shaped glass formers.
• The results of the settling rate tests lead to a decision to use -100+140 mesh beads for most of the remaining tests. This was based on several findings. First, the -100+140 mesh beads settled at the same rate as the larger -80+100 mesh Frit 320 (largest sized particles in as-received frit). Secondly, the use of -100+140 mesh beads gives conservatism to the tests that followed (feed rheology, erosion, SME slurry addition, and melt rate) due to lack of fines in the beads tested.
Rheology
• For the tests where Frit 320 and various sized beads (-140 mesh, -100+140 mesh, -70+100 mesh) were added to SB3 SRAT product, beads reduced both yield stress (23-30 percent) and consistency (28-59 percent).
• Neither yield stress nor consistency was significantly impacted by the bead particle size.
• For SRAT/SME processing with SB3 simulant, the use of Bead 320 (only -100+200 mesh tested) improved the rheology versus Frit 320 for the 45 wt% samples by approximately 6% and the 52 wt% solids samples by 10 to 17%.
Erosion
• The results show a slight increase in erosion with the beads (-100+140 mesh) versus the Frit 320, although the overall weight losses for both agitators were fairly small. The shiny appearance of the Frit 320 test agitator relative to the bead test agitator indicated that the Frit 320 was more erosive, which did not agree with the percent weight losses. No explanation for these two contradicting findings was made.
Slurry Addition to SME
• For the recirculation test, the line pressure increased as the solids were increased for the same flow rate (only -100+140 mesh beads tested at various weight percent solids).
• For the recirculation test, the line pressure was higher for Frit 320 than beads (-100+140 mesh) at the same solids level and flow.
• Line pressures measured for the recirculation tests show that the inflection point in line pressure is about the same for the beads and Frit 320 (2.5 ft/sec). This increase in pressure as flow is reduced is an indication that the glass formers are settling and therefore the minimum flow velocity for both the Frit 320 and -100+140 mesh beads is about 2.5 ft/sec.
Melt Rate
• The SB3/Bead (-100+200 mesh) 320 and SB3/Frit 320 had similar linear melt rates of 0.45 and 0.47 inches/hour (basically the same melt rate). The differences in appearance, however, indicate that the beads may impact the cold cap behavior.
RECOMMENDATIONS/PATH FORWARD
The following recommendations are given concerning investigating the use of beads in place of frit for the glass former used in the DWPF.
• Overall, the use of beads in DWPF should be further investigated to help achieve higher melt rates and waste throughputs.
• More formal erosion tests (such as ASTM erosion tests) should be run to better determine the impact of beads on the erosion of the DWPF vessels, piping, and agitators that would process slurries containing beads.
• Perform slurry-fed tests in the SMRF to better determine the impact of melt rate by beaded glass formers. Testing in the Cold Cap Evaluation Furnace (CEF) should also be considered (when the CEF is completed) to determine the impact of beads on the behavior of the cold cap.
• Rheology and settling tests with actual DWPF sludge SRAT product should be considered before beads are recommended for use in the DWPF. 
APPENDIX B -ADDITIONAL DETAILS FOR IMPACT OF BEADS SRAT/SME RUNS
Off-Gas Analysis
Gas chromatographs recorded the off-gas composition of both SRAT and SME cycles. The off-gas analysis from the two runs was nearly identical and was compared to the results from earlier Source of Alkali (SOA) runs. 7 The SOA baseline run was identical to the two runs conducted in this testing except that the MWWT was in the dewater position during acid addition for the SOA runs and was in reflux position for this testing. A comparison between the results from this testing and the SOA tests was conducted to determine the impact of reflux versus dewater during acid addition. This comparison was conducted for the SRAT cycles only as the SME cycle was not performed during SOA testing. The bead run data were used for the comparison except for the CO 2 data.
A couple of issues were noted with the off-gas data from the bead testing. First, the nitrous oxide peaks were confused with a peak assumed to be water vapor during one of the runs leading to erroneously high readings. Second, the carbon dioxide data on one of the runs appears to be low based on the postcalibration check of the instruments. The collection of NO concentration data was inconsistent during the SOA baseline run and was not used in the comparison. Overall, however, the data appears to be of high quality. All charts are plotted with the end of formic acid shown at time zero.
Hydrogen
Very small amounts of hydrogen were detected during the test runs, as shown in Figure B-1 . During the SRAT cycle, two very small peaks were detected in the run w/ beads while the frit run did not have a hydrogen peak. Small peaks of hydrogen were noted after each frit addition during the SME cycle. Significant amounts of hydrogen were noted during the SOA baseline run, as shown in Figure B -2. The timing of the initial hydrogen peaks was the same for both runs. The second peak in the bead run does not have a corresponding peak in the SOA baseline run, but a second peak was noted (see at this time during a previously run 4% SOA test (this peak was chopped by the end of the SRAT cycle).
It should be noted that the size of the hydrogen peak during the SOA baseline run did not match the trend noted during the SOA testing in that increased sodium content in the sludge led to higher hydrogen peaks for other runs. The baseline run had a peak between the two less washed (and higher sodium) runs. The peaks noted in the bead run fell between the less washed and more washed runs, following the trend noted during the SOA tests for most runs. This timing provides evidence that the small peaks noted are hydrogen peaks and not the result of instrument noise. 
Carbon Dioxide
The carbon dioxide peaks during both the bead and frit runs had nearly identical timing, but the bead run results were lower as shown in Figure B -4. The post calibration check on the GC's after the run indicated that the bead run GC was indicating low values for the carbon dioxide, which likely explains the difference in peak amounts. The frit run was used for comparison to the SOA run for this reason. As shown in Figure B -5, the results for the frit run match the SOA baseline run very well. When hydrogen is plotted with CO 2 , the timing of the peaks matches well, as shown in Figure B -6 for the bead run. 
Other Species
The trends noted in the gas samples for nitrous oxide, nitrogen, oxygen, helium and NO x were similar for the two SRAT/SME cycles conducted during this testing. The results also matched the concentrations during the SOA baseline run. Charts for these species are shown in Figures B-7 to B-13. 
